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Neurotransmitter release probability (Pr) largely de-
termines the dynamic properties of synapses. While
much is known about the role of presynaptic proteins
in transmitter release, their specific contribution to
synaptic plasticity is unclear.One suchprotein, tomo-
syn, is believed to reduce Pr by interfering with the
SNARE complex formation. Tomosyn is enriched at
hippocampal mossy fiber-to-CA3 pyramidal cell
synapses (MF-CA3), which characteristically exhibit
low Pr, strong synaptic facilitation, and pre-synaptic
protein kinase A (PKA)-dependent long-term potenti-
ation (LTP). To evaluate tomosyn’s role in MF-CA3
function,weuseda combinedknockdown (KD)-opto-
genetic strategy whereby presynaptic neurons with
reduced tomosyn levels were selectively activated
by light. Using this approach in mouse hippocampal
slices, we found that facilitation, LTP, and PKA-
induced potentiation were significantly impaired
at tomosyn-deficient synapses. These findings not
only indicate that tomosyn is a key regulator of MF-
CA3 plasticity but also highlight the power of a
combined KD-optogenetic approach to determine
the role of presynaptic proteins.INTRODUCTION
Exocytosis of neurotransmitter-containing vesicles is a multistep
process that requires proper SNARE protein complex assembly
(Jahn and Fasshauer, 2012). While this core mechanism is
shared with little to no variation by different types of synaptic
terminals, its assembly is tightly regulated by a host of synaptic
proteins that interact with the SNARE complex and ultimately
control basal neurotransmitter release probability (Pr) (Su¨dhof,396 Cell Reports 12, 396–404, July 21, 2015 ª2015 The Authors2012). Differential expression and distribution of these proteins
may account for the great variability in basal Pr observed across
central synapses (Dobrunz and Stevens, 1997). Importantly,
basal Pr determines the efficacy and dynamic properties of these
synapses. In response to repetitive activation, high Pr synapses
tend to depress while low Pr synapses tend to facilitate (Trom-
mersha¨user et al., 2003; Zucker and Regehr, 2002). These forms
of short-term plasticity (STP; i.e., depression and facilitation) in
turn underlie the type of computation the synapse performs
and the reliability of its information transfer (Abbott and Regehr,
2004; Klug et al., 2012). In addition, enduring changes in Pr
underlie presynaptic forms of long-term plasticity in the CNS
(Castillo, 2012; Yang and Calakos, 2010). However, the precise
contribution of specific presynaptic proteins to basal Pr and to
short- and long-term plasticity is not fully understood.
The hippocampal mossy fiber to CA3 pyramidal cell synapse
(MF-CA3) has a very low basal Pr and is commonly used as a
model synapse for investigating several unique forms of presyn-
aptic plasticity. MF-CA3 displays robust frequency-dependent
facilitation (Salin et al., 1996) and presynaptic, protein kinase A
(PKA)-dependent long-term potentiation (LTP) (Huang et al.,
1994;Nicoll andSchmitz, 2005;Weisskopf et al., 1994). However,
the molecular mechanisms underlying these forms of plasticity
are still largely unknown. Tomosyn is a regulatory protein highly
expressed in MF-CA3 terminals (Barak et al., 2010; Sakisaka
et al., 2008). It is believed that tomosyn interaction with syntaxin
(Fujita et al., 1998; Hatsuzawa et al., 2003) and with SNAP-25
(Bielopolski et al., 2014) hinders the formation of the SNARE
complex. Tomosyn overexpression led to reduction in Pr and
inhibition of vesicle priming in neuroendocrine cells and neurons
(Fujita et al., 1998; Hatsuzawa et al., 2003; Williams et al., 2011;
Yizhar et al., 2004). Tomosyn downregulation enhanced synaptic
transmission in Caenorhabditis elegans and in the mouse hippo-
campus (Gracheva et al., 2007; McEwen et al., 2006; Sakisaka
et al., 2008) but led to opposite effects in superior cervical
ganglion neurons and in insulin secreting cells (Baba et al.,
2005; Cheviet et al., 2006). In addition, tomosyn has an evolution-
arily conserved PKA phosphorylation site at serine 724 (S724)
Figure 1. Characterization of Optogenetically Induced MF-CA3
Plasticity
(A) Representative hippocampal slice expressing ChIEF in the dentate gyrus,
hilus, and stratum lucidum.
(B) Diagram illustrating the positioning of the recording electrode (Rec) elec-
trical stimulation electrode (E-Stim) and the optic fiber (O-Stim). For all panels
in this figure, synaptic responses were elicited using intermittent optical and
electrical stimulation at intervals of 10 s, delivered to the same slices.
(C) Paired-pulse facilitation at 40, 80, 150, 300, and 500 ms inter-stimulus in-
tervals. Representative traces (top); summary plot (bottom).
(D) Burst-induced facilitation (five pulses at 25 Hz). Representative traces (top);
summary plot (bottom).
(E) Low-frequency facilitation (LFF; 0.05 to 0.2 Hz and to 0.5 Hz). Summary plot
(left); representative traces (right). Black lines above the traces indicate the
duration of the stimulation.whose phosphorylation decreases tomosyn-syntaxin interac-
tion (Baba et al., 2005). The high expression levels of tomosyn
in the mossy-fiber pathway, suggests that this protein might
contribute significantly to the low Pr and robust presynaptic
forms of plasticity displayed by the MF-CA3 synapse.
To determine the role of tomosyn in synaptic transmission and
plasticity, we developed a unique approach that combines an
in vivo short hairpin RNA (shRNA)-mediated knockdown (KD)
strategy, with optogenetics. Using this approach, we were able
to selectively activate tomosyn-deficient synapses inmouse hip-
pocampal slices. We report that tomosyn KD strongly reduces
MF-CA3 short- and long-term plasticity. Our findings strongly
suggest that tomosyn plays a key role in setting the characteris-
tically low Pr at MF-CA3 synapses (Lawrence et al., 2004; Salin
et al., 1996). In addition, we show that a KD-optogenetic strategy
overcomes common limitations associated with low transduc-
tion rates, as well as developmental effects that often accom-
pany the use of transgenic animals.
RESULTS
Normal Synaptic Physiology in Optically Activated
Mossy Fibers
We first set to examine whether optogenetic activation of MFs
elicited normal MF-CA3 synaptic responses, including the
uniquely robust STP observed at these synapses by electrical
stimulation. To this end, we lentivirally transduced presynaptic
dentate granule cells (DGCs) in vivo with the fast kinetic chan-
nelrhodopsin2 variant ChIEF (Lin et al., 2009) fluorescently
tagged with mCitrine. Hippocampal slices were prepared from
injected animals exhibiting strong fluorescence exclusively in
dentate gyrus (DG) and stratum lucidum (Figure 1A). In all exper-
iments, synaptic responses (extracellular field EPSP [fEPSPs])
were alternately elicited by electrical or optical stimulation deliv-
ered to the hilar region of the DG (Figure 1B). STP was assessed
by analyzing: (1) paired-pulse facilitation (PPF) with two pulses at
various inter-stimulus intervals (ISI); (2) burst-induced facilitation
with a five-stimulus, 25 Hz burst; and (3) low-frequency facili-
tation (LFF) by stepping baseline frequency from 0.05 Hz to
0.2 Hz and to 0.5 Hz. PPF revealed no differences between
optically and electrically elicited responses (n = 10, Figure 1C).
Likewise, synaptic facilitation elicited by a five-stimulus burst
was similar following electrical or optical MF stimulation (n =
10, Figure 1D). Slight reductions in synaptic facilitation at
25 Hz are likely due to action potential failure as a result of ChIEF
activation failure (Lin et al., 2009). Consistent with this interpre-
tation, LFF (0.2 and 0.5 Hz) was indistinguishable between opti-
cally and electrically induced responses (Figure 1E). We thus(F) Forskolin application (25 mM for 10 min) induced long-lasting potentiation
(left) that was associated with a reduction in paired-pulse facilitation (PPF)
(right). Stimulus artifact was removed from traces in (B), (D), and (F) for better
visualization. DCG-IV (1 mM) was applied at the end of all experiments
(gray traces). Numbers in the time course plots (E) and (F) indicate the time
points when the representative traces were taken. ‘‘n‘‘ refers to the number
of slices. Data are presented as mean ± SEM; n.s., not significant; KD,
knockdown; Scr, scrambled, H, hilus; DG, dentate gyrus; MF, mossy fiber
pathway.
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Figure 2. Lentiviral-Mediated Knockdown
of Tomosyn Effectively Reduces Tomosyn
Levels in the Dentate Gyrus
(A) GFP fluorescence image of a transduced hip-
pocampal slice, showing a single transduced cell
(white arrow) being collected into the pipette
(delineated by white dashed lines).
(B) RT-PCR analysis of mRNA extracted from cells
expressing GFP reveals a significant decrease in
tomosyn mRNA levels in KD1/2-infected cells but
not of Syntaxin1A.
(C and D)Western blot (C) and summary data (D) of
KD1/2 or Scr-transduced hippocampal neurons
in a dissociated culture confirms a significant
reduction in tomosyn protein levels following to-
mosyn-KD, but not of other synaptic proteins.
Numbers at the bottom of each bar indicate the
number of individual repetitions for each mea-
surement. Syx1A, syntaxin1A; Syph, synaptophy-
sin; Syt12, synaptotagmin12. Data are presented
as mean ± S.E.M; n.s., not significant.conclude that optical stimulation can be reliably used to elicit
MF-CA3 STP.
MF-CA3 synapses are also known to exhibit robust long-last-
ing potentiation of glutamate release following transient activa-
tion of the cAMP/PKA cascade (Weisskopf et al., 1994). We
therefore compared the potentiation of optically and electrically
induced responses following bath application of the adenylyl-
cyclase activator forskolin (25 mM for 10 min). We found that
both types of responses were equally potentiated by forskolin
and, consistent with an increase in Pr, this potentiation was
accompanied by a similar reduction in PPF following both
electrical and optical activation (p > 0.05; Figure 1F). Finally, as
expected for MF-elicited responses, bath application of the
group II metabotropic glutamate receptor agonist DCG-IV
(1 mM), at the end of each experiment, virtually abolished synap-
tic transmission evoked either optically or electrically (see Exper-
imental Procedures). Together, these results demonstrate that
optical activation of ChIEF-expressing MFs reproduces typical
properties of MF-CA3 synapses commonly studied by electrical
stimulation.
Tomosyn Knockdown Reduces Short-Term Plasticity at
Mossy Fiber Synapses
Wenext sought to determine the role of tomosyn atMF-CA3 syn-
apses by introducing an anti-tomosyn1 shRNA sequence into
DGCs. To control for potential off-targets effects, we used two
different shRNA sequences (KD1/KD2) and compared them to
a scrambled, non-targeting control sequence (Scr). To validate
the efficacy of the shRNA sequences in reducing tomosyn levels,
we first transduced DGCs in vivo (P21–22) with lentiviral particles
that included KD1, KD2, or Scr under control of the U6 promoter.
The lentiviral construct also included EGFP to visualize the trans-398 Cell Reports 12, 396–404, July 21, 2015 ª2015 The Authorsduced neurons. We then prepared hippo-
campal slices 19–21 days post-injection
and performed single cell qRT-PCR
by suctioning primarily EGFP-expressing
cells using a glass pipette (Figure 2A)and measuring tomosyn mRNA from these neurons. Results
from this analysis confirmed that tomosyn mRNA levels dropped
by50%inslicesexpressingeither oneof the twoKDsequences,
in comparison with slices expressing Scr (p < 0.0001; Figure 2B).
No change in the mRNA levels of syntaxin1A (Figure 2B) was
found following tomosyn KD. In parallel, we verified by western
blot that the reduction in tomosyn mRNA levels translates to
reduced protein levels (p < 0.01; Figures 2C and 2D) but does
not alter the expression level of other presynaptic proteins such
as SNAP25, syntaxin1A, synaptophysin, synaptotagmin12, or
munc18 (Figures 2C and 2D). It is therefore likely that our knock-
down strategy specifically reduces tomosyn1 levels from DGCs.
To examine the effects of tomosyn KD on MF-CA3 synaptic
function, we next injected young mice (P21–35) with lentiviral
vectors carrying the ChIEF construct along with KD1, KD2, or
Scr sequences (Figure 3A). By this means, we were able to opto-
genetically activate transducedDGCs andmeasure fEPSPs from
stratum lucidum (Figures 3B–3J) and AMPA receptor-mediated
EPSCs from individual CA3 pyramidal neurons (Figure 4). We hy-
pothesized that if tomosyn acts as a negative regulator of Pr, then
its removal from MF terminals should increase basal Pr, which
would manifest as a decrease in STP (Zucker and Regehr,
2002). We also reasoned that such a decrease in facilitation
would be better detected using optical stimulation given that
this mode of stimulation is expected to only activate cells with
reduced tomosyn levels, whereas electrical stimulation would
likely recruit a mixed population of both transduced and non-
transduced DGCs. Therefore, each slice was electrically and
optically stimulated, allowing for the comparison between the
two modes of stimulation. Consistent with both predictions, to-
mosyn KD was associated with reduced MF-STP compared
with the Scr group and this reduction was much more prominent
Figure 3. Optogenetic Activation Reveals a Major Decrease in MF-CA3 Short-Term Plasticity following Tomosyn KD
(A) Diagram showing the genetic sequence packaged by the lentivirus used in this study.
(B and C) PPF of extracellular field potentials (fEPSPs) elicited by electrical (B) or optical (C) stimulation in the same slice under four conditions: naive
slices [(-)shRNA], non-targeting shRNA (Scr), KD1, and KD2.
(D) Dividing the p values of each ISI in the electrical stimulation by its optical counterpart reveals an increase of three to seven orders of magnitude in significance
levels.
(E and F) Reduced burst-induced facilitation in tomosyn KD slices under electrical (E) or optical stimulation (F).
(G) The statistical significance levels increased by more than five orders of magnitude for each stimulus in the burst.
(H and I) Reduced LFF in tomosyn KD slices observed under electrical (H) or optical (I) stimulation. Numbers in the representative traces correspond to numbers in
the summary plots.
(J) The statistical significance levels increased by more than two orders of magnitude for each frequency step. Stimulus artifact was removed from traces in
(B) and (E) for better visualization. fEPSP responses 10min after DCG-IV application are denoted in gray. ‘‘n’’ refers to the number of slices. Data are presented as
mean ± SEM.when optical stimulation was used. Synaptic responses elicited
by electrical stimulation in tomosyn KD slices showed reduced
PPF compared to controls (Figure 3B), while burst-induced facil-
itation showed just a trend (Figure 3E) and LFF was only reduced
by KD1 but not KD2 (Figure 3H). In stark contrast, optically eli-
cited responses showed robust differences between both KD
groups and the Scr group. PPF was strongly attenuated at all
ISIs (Figure 3C), and both burst-induced facilitation and LFF
were significantly reduced (Figures 3C, 3F, and 3I; p < 0.0001
for all three parameters). Additional analysis showed that the
use of optical versus electrical stimulation in the same slices
was associated with an increase in significance levels (p value)
several orders of magnitude greater for all three paradigms (Fig-ures 3D, 3G, and 3J), demonstrating the advantage of the com-
bined optogenetics-KD strategy. No difference was observed
between viruses containing the Scr sequence and those lacking
any shRNA sequence in all measurements and under both forms
of stimulation (Figures 3B, 3C, 3E, 3F, 3H and 3I). The effects
of knocking down tomosyn on MF-CA3 STP were also assessed
by monitoring optically evoked, AMPA receptor-mediated
EPSCs in CA3 pyramidal neurons. We found that PPF, burst-
induced facilitation and LFF were all significantly reduced in
both KD1 and KD2 slices compared to Scr slices (Figure 4;
p < 0.01 for all measurements). Together, these results indicate
that tomosyn KD significantly reduces MF-STP and also high-
lights the potential of a combined optogenetics-KD strategy toCell Reports 12, 396–404, July 21, 2015 ª2015 The Authors 399
Figure 4. Reduction in Optically Induced STP Is Confirmed by
Whole-Cell Voltage Clamp Recordings
(A) PPF, measured as the ratio of two optically evoked EPSCs, was signifi-
cantly reduced at all inter-stimulus intervals (ISIs) in tomosyn-KD slices.
(B and C) HFF (B) and LFF (C) were also significantly reduced following
tomosyn knockdown. Traces in plot (C) were taken at times indicated by
numbers in the time course plot, and a summary bar-plot is shown to the right.
‘‘n’’ refers to the number of slices. Data are presented as mean ± SEM.study the role of presynaptic proteins in transmitter release and
synaptic plasticity.
Tomosyn and Long-Term Synaptic Plasticity
Previous studies have shown that PKA activation is necessary
and sufficient to induce long-lasting increases of transmitter
release at MF-CA3 synapses (Huang et al., 1994; Nicoll and
Schmitz, 2005; Weisskopf et al., 1994). Tomosyn can be phos-
phorylated in vitro by PKA at S724, which could increase neuro-
transmitter release presumably by reducing tomosyn affinity to
syntaxin (Baba et al., 2005). To test whether tomosyn contributes
to PKA-mediated long-term plasticity, we examined both syn-
aptically induced MF-LTP (triggered by optical stimulation, see
Experimental Procedures) and forskolin-induced potentiation
(FSK-LTP) in hippocampal slices transduced with KD1, KD2,
or Scr-ChIEF viruses. MF-LTP was robust in Scr slices but
abolished in KD1 and KD2 slices (Scr: 150.3% ± 14.5%, n =
10; KD1: 104.1% ± 3.2%, n = 7; KD2: 107.5% ± 5%, n = 8;
p < 0.05, Figures 5A and 5B). Consistent with an increase in Pr,
post-tetanic potentiation (PTP), calculated as the first 3 min after
repetitive stimulation, was also reduced in tomosyn KD syn-400 Cell Reports 12, 396–404, July 21, 2015 ª2015 The Authorsapses (Scr: 517.1% ± 32.5%, KD1: 327.6% ± 17.2%, KD2:
279% ± 16.2%; p < 0.0001). FSK-LTP was markedly reduced
in both KD conditions, compared to Scr slices, but unlike MF-
LTP, robust potentiation was still observed in these slices (Scr:
305.65% ± 24.8%, n = 9; KD1: 238.45% ± 15.63%, n = 11;
KD2: 235.05% ± 16.25%, n = 11; p < 0.05, Figures 5C and
5D). Thus, while bothMF-LTP and forskolin-induced potentiation
are impaired following tomosyn-KD, PKA-induced potentiation
can still occur under reduced levels of presynaptic tomosyn.
A potential explanation for these observations is that tomosyn
phosphorylation is required for MF-LTP and FSK-LTP. Against
this possibility, using FRET imaging in PC12 cells and tomosyn
phosphomutants (Gladycheva et al., 2007), we found that consti-
tutively phosphorylated (tomosynS724D) and non-phosphorylated
(tomosynS724A) mutants did not affect tomosyn interaction with
either syntaxin1A or SNAP25, as measured by changes in
apparent FRET efficiency (p > 0.05 for both proteins; Figure S1).
Alternatively, the increase in basal Pr at tomosyn-deficient
synapses may occlude presynaptic MF-LTP and FSK-LTP. In
support of this possibility, we found that increasing Pr artificially,
either by elevating the extracellular (Ca2+/Mg2+) ratio from
(2.5/1.3) to (3.5/0.3), or by changing the baseline stimulation fre-
quency from 0.05 to 0.2 Hz (Figure S2), abolished MF-LTP (Ctrl:
177.5% ± 11.6%, n = 12; high Ca2+: 113.8% ± 9.8%, n = 8; high
frequency: 108.9% ± 7.2%, n = 9; p < 0.01; Figures 5E and 5F)
and reduced FSK-LTP, as seen under tomosyn KD conditions
(Ctrl: 364.1% ± 28.1%, n = 9; high frequency: 239.4% ±
15.2%, n = 9; p < 0.01; Figures 5G and 5H). Together, these re-
sults indicate that an increase in basal Pr likely accounts for the
MF-LTP and FSK-LTP deficits observed at tomosyn-deficient
MF-CA3 synapses.
DISCUSSION
In this study, we combined optogenetics with a shRNA KD strat-
egy to selectively activateMF-CA3 synapseswith reduced levels
of tomosyn. We report that presynaptic forms of plasticity such
as STP-, LTP-, and FSK-induced potentiation, are all impaired
at tomosyn-deficient synapses. The most plausible explanation
for these results is that tomosyn-deficient synapses exhibit
increased basal Pr. Our findings suggest that the high expression
of tomosyn, normally observed in MFs, likely plays a crucial role
in setting the characteristically low Pr at the MF-CA3 synapse
(Lawrence et al., 2004; Salin et al., 1996), and changes in tomo-
syn levels or function may have a significant impact in controlling
synaptic transmission and plasticity.
Numerous studies have aimed to characterize the role of pre-
synaptic proteins in neurotransmitter release. For the last two
decades, this task has largely relied on the use of global KO
mice (Su¨dhof, 2012). While certainly informative, major draw-
backs of this approach are the risk of compensation during early
development and the difficulty in focusing the manipulation on a
specific region. More recently, in vivo KD using viral vectors
have emerged as a complimentary strategy that can overcome
both of these aforementioned limitations (Hommel et al., 2003).
However, high transduction rates are required since electrical
stimulation likely recruits both transduced and non-trans-
duced cells. To circumvent this problem, we have developed
Figure 5. Tomosyn KD Impairs MF-LTP and
PKA-Induced Synaptic Potentiation
(A and B) Optically induced MF LTP in Scr and
KD1/2 slices (A). Bar plots of fEPSP changes
40–50 min after LTP show that LTP was abolished
in tomosyn KD slices (B).
(C andD) Forskolin-induced potentiation in Scr and
KD1/2 slices (C). Bar plots of fEPSP changes 20–
30min after forskolin application show significantly
weaker potentiation in tomosyn KD slices (D).
(E–H) Artificial increase in Pr by elevating extra-
cellular Ca2+/Mg2+ ratio or baseline stimulation
frequency abolished MF-CA3 LTP (E and F)
and reduced FSK-LTP (G and H). Averaged
representative traces are shown to the right of
each time course plot; traces were taken at times
indicated by numbers in the panel, fEPSP re-
sponses 10 min after DCG-IV application are
denoted in gray. n.s., not significant. ‘‘n’’ refers
to the number of slices. Data are presented as
mean ± SEM.
See also Figures S1 and S2.an optogenetic-KD technique that selectively activates neurons
expressing the shRNA sequence. This strategy enables a rapid,
cell-type-specific manipulation of protein levels, thereby elimi-
nating the risk for developmental compensatory changes. Our
findings demonstrate that optical stimulation can be efficiently
used to studyMF-CA3 function (Figure 1), but also, that the com-
bined optogenetic-KD approach is an efficient way to investigate
the role of presynaptic proteins in synaptic transmission and
plasticity.
Previous studies have shown that tomosyn overexpression re-
duces synaptic transmission at various synapses (Barak et al.,Cell Reports 12, 396–2013a; Hu et al., 2013), however, the ef-
fects of tomosyn KO and KD have pro-
duced conflicting results (Baba et al.,
2005; Cheviet et al., 2006; Gracheva
et al., 2007; McEwen et al., 2006; Saki-
saka et al., 2008; Zhang et al., 2006).
Consistent with the high expression levels
of tomosyn in MFs (Barak et al., 2010; Sa-
kisaka et al., 2008), our findings showing a
robust reduction in the magnitude of STP
at tomosyn-deficient MF-CA3 synapses,
strongly suggest that tomosyn is an
important negative regulator of Pr at this
synapse. We also found that MF-LTP is
abolished in tomosyn-deficient synapses.
Our observations that MF-LTP is also
abolished under high Pr conditions,
further support the notion that tomosyn
downregulation likely impairs MF-LTP
through a similar mechanism. Of note, a
previous study reported normal MF-LTP
in tomosyn KO mice (Sakisaka et al.,
2008). This apparent discrepancy could
be due to compensatory changes likelyoccurring in KOmice. Another study showed that tomosyn over-
expression via lentiviral transduction of DGCs did not alter
MF-LTP or LFF (Barak et al., 2013a). However, as seen in our
present study, electrical stimulation is sub-optimal when
compared to optical stimulation and could have underestimated
the actual effect of tomosyn on MF-CA3 synaptic function. It is
precisely because of these limitations that we developed a com-
bined KD/optogenetic strategy that allows us to assess trans-
mission and plasticity at tomosyn-deficient synapses selectively.
Several factors determine Pr at synapses, including the
amount of presynaptic Ca2+ influx via voltage-gated Ca2+404, July 21, 2015 ª2015 The Authors 401
channels (VGCCs), the coupling between Ca2+ and the release
sensors and the number of docked and primed vesicles (Atwood
and Karunanithi, 2002). Our findings strongly suggest that
tomosyn is a major player in determining the characteristically
low Pr at MF-CA3 synapses. A previous study using KO mice
reported that the presynaptic protein involved in vesicle priming
Munc13-2 also plays a key role in regulating Pr at MF terminals
(Breustedt et al., 2010). More recently, loose coupling between
VGCCs and release sensors has emerged as an additional
mechanism regulating Pr at MF terminals (Vyleta and Jonas,
2014). These presumably complementary mechanisms likely
provide exquisite control of transmitter release at the MF-CA3
synapse, although their relative contribution under physiological
conditions remains to be determined. The characteristically low
basal Pr at MF-CA3 synapses is associated with robust short-
term facilitation (Henze et al., 2000; Nicoll and Schmitz, 2005)
that enables single granule cells to discharge post-synaptic
CA3 during bouts of high-frequency activity. Our findings,
showing that tomosyn downregulation completely abolishes
this facilitation, suggest that high expression levels of tomosyn
are likely required to maintain a proper flow of information from
the dentate gyrus to the CA3 area.
PKA activation potentiates MF-CA3 synaptic transmission
(Weisskopf et al., 1994) but until recently, the PKA target(s) re-
mained elusive. Downregulation of numerous presynaptic pro-
teins, which are direct or indirect PKA targets, such as synapsin
(Spillane et al., 1995), Rab3a (Castillo et al., 1997), Rim1a (Cas-
tillo et al., 2002; Kaeser et al., 2008; Yang and Calakos, 2010),
and rabphillin (Schlu¨ter et al., 1999) did not alter forskolin-
induced potentiation. A notable exception can be found in a
recent study showing impaired forskolin-induced potentiation
in synaptotagmin12 KO mice (Kaeser-Woo et al., 2013). PKA
phosphorylation of tomosyn at S724 was shown to decrease
its interaction with syntaxin (Baba et al., 2005) but the effect
on synaptic transmission was unresolved (Baba et al., 2005;
Sakisaka et al., 2008). In the present study, we found no
evidence that tomosyn phosphorylation at S724 affects the
interaction with syntaxin1A and SNAP-25. Furthermore, by
artificially elevating Pr, we were able to mimic the effects of
tomosyn KD on both MF-LTP and FSK-LTP. Based on these
findings, we conclude that tomosyn does not significantly partic-
ipate in PKA-mediated potentiation of MF-CA3 transmission.
In summary, we report a simple, but powerful approach to
study the role of presynaptic proteins in basal transmission
and synaptic plasticity. Tomosyn emerges as an important regu-
lator of both basal synaptic transmission and presynaptic forms
of plasticity. In support of this role in vivo, is the recent observa-
tion that tomosyn levels are downregulated in animals exposed
to enriched environment and upregulated in an Alzheimer’s dis-
ease mouse model (Barak et al., 2013b).
EXPERIMENTAL PROCEDURES
Generation of Lentiviral Particles
Lentiviral vectors were generated by insertion of the anti-tomosyn RNAi (KD1-
GCACTGAGCGAGGAAACATAC, KD2-GGAACCATATGCTGTGGTTGT) or a
scrambled control (Scr-CAGGAACGCATAGACGCATGA), into the third gen-
eration lenti backbone pLL3.7 (Addgene #11795), using the XhoI and HpaI
restriction sites, immediately following the U6 promoter. The sequence coding402 Cell Reports 12, 396–404, July 21, 2015 ª2015 The Authorsfor the channelrhodopsin variant ChIEF (generously provided by Roger Tsien),
tagged with a mCitrine fluorescent protein, was also inserted into the same
plasmids and expressed under the human synapsin promoter. For lentivirus-
mediated silencing of tomosyn in DGCs of intact mice, high-titer lentiviral
stocks pseudotyped with the vesicular stomatitis virus G protein (VSV-G)
were produced in HEK293T cells as previously described (Kutner et al.,
2009). In brief; HEK293T cells were transfectedwith lentiviral transfer construct
pLL3.7.hSyn.ChIEF.mCitrine.WPRE, pLL3.7.U6.tomosynKD1/2.hSyn.ChIEF.
mCitrine.WPRE, or pLL3.7.U6.Scr.hSyn.ChIEF.mCitrine.WPREandpackaging
constructs pMDLg-pRRE and pRSV-REV and pMD2.G envelope protein
construct, by means of calcium phosphate transfection. Titers were deter-
mined by transducing HEK293T cells with serial dilutions of concentrated lenti-
virus. Citrine fluorescence was evaluated by flow cytometry (FACSCalibur,
BectonDickinson Immunocytometry Systems) at 72 hr after transduction; titers
were 1 3 109 TU/ml.
Stereotactic Injection of Lentiviral Constructs
All mice were treated in accordance with the principles and procedures of the
Israel National Institute of Health and the United States NIH Guidelines for the
Care and Use of Laboratory Animals. Protocols were approved by the Institu-
tional Animal Care and Use Committee of the Tel Aviv University and the Albert
Einstein College of Medicine. For in vitro experiments, viruses were delivered
by stereotactic injection into the hippocampus of live C57BL6Jmice (postnatal
days 21–35) obtained from Harlan Laboratories or Charles River Laboratories,
for experiments performed in Tel Aviv or New York, respectively. Mice were
placed in a stereotaxic frame (RWD or Stoelting) and anesthetized with isoflur-
ane. Concentrated viral solution (1–2 ml) was injected into two locations of the
right dorsal hippocampus at a flow rate of 0.2 ml/min using a microinjection
pump (Chymex or Stoelting). The injection sites were defined by the following
coordinates: anterior site: 2.1 mm posterior to bregma, 1.6 mm from midline,
2.1 mm ventral from dura; and posterior site: 3.1 mm posterior to bregma,
2.4 mm from midline, 2.7 mm ventral from dura. The needle was left in place
for an additional 1 min post-injection and gently withdrawn.
Hippocampal Slice Preparation
Acute transverse hippocampal slices (400 mm thick) were prepared from mice
8–14 days post-injection (dpi). Briefly, the hippocampi were isolated and cut in
a VT1000S or VT1200S vibrotome (Leica) in an extracellular solution containing
(in mM) 215 sucrose, 2.5 KCl, 20 glucose, 26 NaHCO3, 1.6 NaH2PO4, 1 CaCl2,
4 MgCl2, and 4 MgSO4. Thirty minutes after sectioning, the cutting medium
was gradually switched to an artificial cerebrospinal (ACSF) recording solution
containing (in mM): 124 NaCl, 2.5 KCl, 26 NaHCO3, 1 NaH2PO4, 2.5 CaCl2,
1.3 MgSO4, and 10 glucose. All solutions were equilibrated with 95% O2 and
5% CO2 (pH 7.4). Slices were incubated for at least 60 min in ASCF solution
before recordings.
Electrophysiology
Hippocampal slices were visualized using infrared differential interference
contrast (IR/DIC) and mCitrine fluorescence. All slices included in this study
exhibited strong fluorescence in dentate gyrus, hilus, and stratum lucidum
(Figure 1A). Experiments were performed at 26.0C ± 1.0C in a submersion-
type recording chamber perfused at 1.5 ml/min with ASCF. All recordings
were acquired while blind to the experimental condition, with the exception
of three KD1 LTP recordings and all KD2 recordings.
MFs were activated either by electrical or optical stimulation. Electrical
monopolar stimulation (square-wave voltage or current pulses, 0.1 ms pulse
width) was delivered using a stimulus isolator (Isoflex, AMPI) connected to a
patch-typepipette (5mmtip size) filledwithACSFandplacedat theborder be-
tween the dentate granule cell layer and hilus. In extracellular field recordings,
optical stimulation was performed using a blue LED (470 nm) connected to a
200-mm thick optic fiber (Prizmatix) that was directed toward the hilus and den-
tate gyrus and away from the CA3 area (Figure 1B). In whole-cell patch clamp
experiments, a 473 nm laser beam (Prairie Technologies, Solid State laser)
was fed through a 603 objective and directed at the stratum lucidum. The dura-
tion of light stimulation ranged from 0.5–5.0 ms. Field excitatory post-synaptic
potentials (fEPSPs) were recorded from stratum lucidumof the CA3 sub-region
of the hippocampus using a patch pipette filled with 1 M NaCl (2.5 MU) and an
EPC10 amplifier (HEKA). Stimulation intensity was calibrated in order to elicit
0.2 mV fEPSPs. Whole-cell recordings were obtained using a Multiclamp
700B amplifier (Molecular Devices) and borosilicate glass electrodes (2.8–
3.8 MU resistance when filled with intracellular solution) filled with (in mM):
123 Cesium gluconate, 8 NaCl, 1 CaCl2, 10 EGTA, 10 HEPES, and 10 glucose;
pH 7.3 (adjusted with KOH) and 280–290 mOsm. To block inhibitory transmis-
sion, 1mMpicrotoxinwas included in the intracellular solution, and0.5mMGYKI
53655was added to theACSF in order to reduce recurrent activation of theCA3
network (Kwon and Castillo, 2008). To assess cell stability, series and input re-
sistances weremonitored with a5mV, 80ms hyperpolarizing test-pulse, and
cells with >15% change in series resistance were excluded from analysis. In all
experiments, baseline responses were collected at 0.05 Hz for all recordings,
except for 5-pulse bursts, afterwhich baselinewas reduced to 0.025Hz in order
to avoid augmentation. MF-LTP was optically induced with two bouts of 125
pulses at 25 Hz separated by 20 s. Forskolin (25 mM) was bath-applied for
10 min after establishing at least 15 min stable baseline. At the end of each
experiment, the group II metabotropic glutamate receptor agonist DCG-IV
(1 mM) was added to the bath. Only synaptic responses showing more than
80% suppression by this agonist were included in the final analysis.
Quantitative Real-Time PCR and Western Blot
Quantitative real-time PCR and western blot experiments were performed
according to standard procedures and are described in the Supplemental
Information.
Reagents
Reagents were bath applied following dilution into ACSF from stock solutions
prepared in water or DMSO. DCG-IV (2S,20R,30R-2-[20,30-dicarboxycyclo-
propyl]glycine), forskolin, and GYKI 53655 were purchased from Tocris Biosci-
ence.Picrotoxinandall salts formakingACSFand internalsolutionwereobtained
from Sigma-Aldrich. The final DMSO concentration was <0.01% total volume.
Data Acquisition and Statistical Analysis
Electrophysiology data were acquired and analyzed with custom-written
routines in Igor Pro 6.22A (Wavemetrics). Statistical significance was set to p <
0.05 (***p < 0.001, **p < 0.01, and *p < 0.05 in all figures). Results are reported
as the mean ± SEM. Student’s paired and unpaired t tests were used to assess
differences between electrical and optical stimulation and one-way ANOVA test
was used to assess all other differences. Significant differences in the ANOVA
test were followed by a Tukey post hoc test. The magnitude of LTP was
determined by comparing baseline-averaged responses before induction with
responses 40–50 min after induction. Forskolin-induced potentiation was deter-
mined by comparing baseline-averaged responses before and 20–30 min after
forskolin washout. Averaged fEPSP and EPSC frequency facilitation was deter-
mined by comparing baseline-averaged responses to the average of the last 15
responsesof the train (30stimulations for fEPSPsand60stimulations forEPSCs).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and two figures and can be found with this article online at http://dx.doi.org/
10.1016/j.celrep.2015.06.037.
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